In this work a comparison has been made between a localized (micro scale) and a conventional (large scale) corrosion study of 304L stainless steel in a sodium chloride solution using Tafel plots and electrochemical impedance spectra. Results show the high ability of microelectrochemical techniques for the local investigation of corrosion procedures on solid surfaces, something which is not feasible with conventional large-scale techniques. In a second experiment the microelectrochemical behavior of a faulty copper layer on 304L stainless steel was investigated using linear sweep voltammetry. Glass capillaries touching only small areas of the surface were used and the copper coated surface of the steel sample was scanned in a 9 by 6 matrix (54 measurements) while acquiring data. The obtained corrosion potentials for both defect and intact areas were used to map the surface. The surface plot shows the exact position of the defect point in the coating layer.
Introduction
Capillary-based microcells are powerful tools for electrochemical surface investigations in the micrometer range. They can be used in the complete range of common electrochemical techniques, such as potential measurements, potentiostatic control in a three-electrode configuration, transient techniques including pulse and sweep techniques, and impedance spectroscopy.
Key differences between micro and macro scale systems confirm the high ability of microelectrodes in electroanalytical applications and also in kinetic studies [1] [2] [3] [4] [5] [6] . Increasing the mass transport in micro systems is one of the most important differences between the two systems. By decreasing the surface area in micro systems the double layer capacitance is reduced and also micro systems obviously decrease the magnitude of the current passed [7] whereby small currents in the range of a few nA to some pA can be measured. Moreover, by applying different modifications to microcells, the evaluation and monitoring of additional parameters, such as pH, temperature, mechanical stress and electrolyte flow becomes possible [8] .
A typical microcapillary cell is based on a standard three-electrode system containing a capillary in the range of ≤ 1000 µm, which touches only a small area of a solid surface. In this setup the working electrode is the wetted area under the capillary tip. Therefore, measurements can be performed on selected micro areas of the sample. Different cell designs and capillary preparation methods have been discussed in the literature [9] , along with various types of applications, including amongst other the microelectrochemical behavior of copper, 316L steel and aluminum, the investigation of aluminum-steel friction welds and a comparison of local electrochemical impedance spectroscopy of bi-electrodes and microcapillary cells [10] [11] [12] [13] [14] [15] [16] .
In spite of the advantages, such as the study of microscopic surface areas and the direct evaluation of the initiation mechanism of localized corrosion [8] , microcapillary techniques have some serious drawbacks, which sometimes makes their applications difficult [13] . Some of the most 3 important limitations which have been considered in previous works are: the resolution of the potentiostat, the Ohmic resistance specially in solutions with low conductivity and low concentrations, leakage and blockage of the capillary with oxidation or reduction products, such as oxygen and protons, and finally making capillaries with suitable tips for different aims (single measurement -surface scanning, etc.) [13, [17] [18] . The last mentioned limitation must be seriously considered when it comes to non-flat solid surfaces.
The objective of this work was to study the ability of a microcapillary electrochemical technique in the surface investigation of coated and bare 304L stainless steel and more specifically to make a comparison between localized and conventional large-scale surface analyses using voltammetric methods and electrochemical impedance spectroscopy. The first part of the work consists of the corrosion study of a bare 304L stainless steel sample in a sodium chloride solution in micro scale and so-called conventional large scale cells. The second part of the work focuses on the surface mapping of the 304L sample under a faulty copper coating. For the second experiment, a thin copper layer was electrodeposited on a 304L stainless steel plate (2×3 cm). The latter was done according to the electrodeposition method described by Pardo et al.
Experimental

Specimens and surface preparation
4 [19] . In brief the polished stainless steel plate was pickled in a mixture of HNO 3 
Preparation of the sealed microcapillary
The microcapillaries were obtained by heating glass Pasteur pipettes (2 mL) until the glass melting point and then pulling them in a special manner. The tip surface of the prepared capillaries were polished using first 600 and then 1200 grit silicon carbide (SiC) papers. This way tip diameters of 100 µm (first set of experiments) and 600 µm (second set of experiments) were obtained. In order to prevent leaking of the electrolyte, a silicon gasket was attached to the capillary tip. The latter was prepared by dipping the capillaries into silicon rubber, after which a stream of nitrogen was flushed through the microcapillary to keep the tip of the capillaries open without destroying the gasket. An optical microscope was used to monitor the procedure. By repeating this procedure for 2 or 3 times, thin layers of silicon were applied onto the tip of the capillaries ( Figure 1 ). Depending on the type of the surface analysis, the sealed microcapillary can be attached to the solid surface before drying for a single measurement or can be used after drying for surface scanning.
Electrochemical set-up
The localized micro-electrochemical measurements were performed using a homemade microcapillary cell ( Figure 2 ) attached to an Autolab Eco Chemie potentiostat (PGSTAT 10). The setup is based on a common three-electrode system containing a thin platinum wire as counter 5 electrode, a saturated Ag/AgCl reference electrode and a sealed microcapillary with a silicon gasket and with ground tip diameter of 600/100 µm which touches only a small part of the solid sample placed on a platinum plate and forms the working electrode. The platinum plate itself is attached to a fiberglass plate with a number of holes and plastic screws, which makes it possible to fix different samples with different sizes on it before measurement (not shown in Figure 2 ). To minimize the Ohmic resistance during the measurement the counter electrode (here platinum wire)
was placed near the tip of the microcapillary.
The large-scale electrochemical measurements were performed using the same potentiostat in a three-electrode cell with a saturated Ag/AgCl/KCl reference electrode and a platinum plate as auxiliary electrode.
Both localized and large scale electrochemical impedance measurements (EIS) were performed in a 1 M NaCl solution using a frequency range of 20 KHz to 0.01 Hz. An amplitude of 50 mV at open circuit potential was used to decrease the noise and obtain smooth graphs. Nyquist plots of the sample were recorded before and after potentiodynamic polarization of the wetted surface.
The latter was performed using linear sweep voltammetry. The potential range was between −1.5 and 1.3 V (vs. Ag/AgCl) for the both micro and large scale techniques.
In the localized surface mapping of the second experiment, the microcapillary was scanned in a 9 by 6 matrix (54 measurements) across the surface while acquiring data for voltammetric technique ( Figure 3) . For this the sample surface was divided into little squares of ca 2×2 mm using a marker, which allowed us to position the microcapillary for each measurement. The scanning was done by moving the sample. At each point a voltammetric scan in the potential range of −1.5 till 1.3 V (vs. Ag/AgCl) were performed. The obtained Tafel plots were used to calculate the corrosion potential (E corr ) for each measured point.
Scanning electron images of the surface were taken using a Phenom-FEI electron microscope. increasing surface area [20] . According to Schultze [21] , the charge transfer reactions and also the transport and reaction mechanisms in solution in both micro and macro systems are the same.
Results and Discussion
Comparison of localized and conventional electrochemical measurements
In spite of this, some differences appear when the applied potential or current focuses on a micro point. In the other words, the kinetics of microelectrochemical reactions strongly depend on the size of the electrode. More specifically, the difference arises when a random phenomena such as pit formation becomes dominant [21] [22] . Therefore, the difference in the corrosion potentials and also in the corrosion currents, which in micro scale measurements is clearly lower than in 7 conventional systems, can be concluded as the results of the decrease in the exposed surface area in micro systems.
The difference between macro and micro electrochemical behavior of stainless steel is observed also in the EIS analyses, where the pit formation on the wetted surface under the microcapillary after the potentiodynamic polarization shows a direct effect on the local electrochemical impedance spectroscopy of the sample. In fact, localization of the solid surface under the microcapillary achieves more detailed results by limitation of the diffusion layer in solid/liquid interface [21] . The Nyquist diagrams of the large scale and micro scale measurements are shown in Figures 5 and 6 respectively. It is seen that in the large scale measurements the real impedance (Z΄) against the imaginary impedance (-Z˝) of steel increases with a more or less constant slope before and after 3 polarization cycles of the immersed surface in the entire frequency range ( Figure 5 ). The spectra are fitted with the theoretical Nyquist plot for Warburg impedance which represents the diffusion of ionic species at the electrode/electrolyte interface [23] . In this figure the slope of the Nyquist spectrum decreases after the first and second polarizations while after the third polarization the value of the real impedance against the imaginary impedance increases.
For the micro scale measurements the Nyquist diagrams of the wetted spot of the steel sample under a 100 µm microcapillary clearly show the corrosion procedure of steel in NaCl solution ( Figure 6 ). In this case, the local spectrum before the polarization is characterized by a depressed semicircle, which is removed after the first polarization together with the first decrease in the corrosion potential (Figure 4 ). After the 2 nd polarization the initiation of a new semicircle is observed, which grows after the 3 rd polarization. The peak area of the semicircle spectrum appears in the frequencies around 7.4 KHz (-Z˝: ~ 0.35 MΩ). After the 4 th polarization both imaginary and real impedance values increase. Here the peak area appears at frequencies around 2.8 KHz with relative imaginary impedance of almost 1 MΩ. After the 5 th polarization decreases the peak imaginary impedance decreases again to value to less than 0.4 MΩ. Finally after the 6 th polarization, the imaginary impedance grows against the real impedance till ~ 0.6 MΩ in the peak 8 area in frequency of ~ 6 KHz. Based on these results, it can be concluded that the first polarization of the wetted area of the sample removes the passive film on the surface while after the next polarizations a corroded layer forms under the microcapillary and therefore shifts the corrosion potential of steel toward more negative potentials (see above). A SEM image of the corroded point of the steel sample after 6 potentiodynamic polarizations is shown in Figure 7 .
A description of the localized impedance diagram before and after the polarizations cycles using an equivalent circuit presented in Figure 8 . Here R Ω is the Ohmic resistance which depends on the conductivity of the electrolyte and the geometry of the electrode; C dl represents the double layer capacitance which is an electrical double layer at the electrode/electrolyte interface; R ct shows the charge transfer resistance which depends on the conductivity of the electrolyte; Z war is the Warburg impedance which represents the diffusion of ionic species at the electrode/electrolyte interface; R p is polarization resistance which means the potential of the electrode forced away from its value at open circuit and C p is capacitance. The local impedance spectra of the steel sample in NaCl solution before and after the 2 nd potentiodynamic polarization can be simulated with circuit (a) in Figure 8 . This model usually can be used for example to describe the impedance of a coating layer (here passive film on the steel surface) on a metal substrate in contact with an electrolyte [23] [24] [25] . The Nyquist plot after the first polarization shows a Warburg impedance (Z war ) which appears as a straight line with a slope of 45 o . The circuit (b) of Figure 8 can be considered for the Nyquist spectrums after the 3 rd -6 th polarizations which show semicircles with a 45 o tail after them in lower frequencies. This model normally is used when both kinetics and diffusion are important [23] [24] [25] . Here the model consists of a double layer capacitance which is not observed in the first model. In contrast the first model consists of an additional capacitance and Ohmic resistance in the circuit. In brief, the corrosion investigation of a solid surface in macro and micro scales can show completely different procedures. 9 
Surface map of the 304L stainless steel sample with deposited copper layer
The obtained surface map of the corrosion potential around the defect point is shown in Figure 9 .
It shows that the observed corrosion potential at the defect area of the coating drops to −600 mV, while the measured corrosion potential on the intact area of the copper layer is around −300 mV.
This surface map confirms that when a coating contains small pinholes, such as the defect of 300 µm in this work, the corrosion of steel can initiate from the weak area with more negative corrosion potential.
Conclusions
A comparison of the localized and conventional large-scale impedance measurements on a 304L
stainless steel sample has shown that local EIS measurements provide essential information to characterize the local corrosion procedure, while the conventional large-scale systems are not able to follow the detailed corrosion procedure on the solid surfaces. In addition, surface scanning solid samples with a microcapillary enable us to describe the detailed properties of an electroactive solid surfaces. 
